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Abstract 
A distribution network reconfiguration method based on simulated annealing immune (SAI) algorithm is proposed in 
this paper. According to the characteristics of reconfiguration, loop encoding is used and the public switches between 
loops are disposed in advance, so the individuals in evolution turn to be feasible. Besides, the historic and present 
optimal individuals are combined to construct vaccine dynamically, and not only the speed of evolution searching but 
also the individual performance can be improved by inoculation. On the other hand, the selection operator based on 
Boltzmann annealing method, high frequency mutation and immune supplement are used to keep the population 
diversity. Through the improvements, the early maturity is avoided effectively. Reconfiguration results show the 
prompt convergence and effectiveness of proposed method. 
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1. Introduction 
In distribution network power system, the reconfiguration is a main means of optimization operation. 
Under the normal operating conditions, based on some basic constrains, the network structure can be 
reconfigured by changing the open/closed status of those sectionalizing and tie switches to get the 
objectives of reducing power loss, balancing loads, improving voltage profiles, and enhancing reliability 
of system. However, as the size of distribution network increases, the reconfiguration turns to be a large 
nonlinear combination problem, and even be combination explosion, that usually called as a 
nondeterministic polynomial-time hard (NP-hard) problem. 
The reconfiguration method can be divided into heuristic and artificial intelligence. Such as branch-
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exchange algorithm in [1], [2] and optimal flow pattern algorithm in [3]. Reference [4] and [5] used 
refined genetic algorithm in reconfiguration. The immune algorithm was proposed in [6] and got a 
satisfied performance. Besides, simulated annealing method was used in [7] and tabu search was 
presented in [8] respectively. Furthermore, some hybrid algorithms were taken to solve the network 
reconfiguration also, such as the research in [9]. 
According to the existing researches about distribution network reconfiguration, the heuristic methods 
were difficult to find the global optimal solution, and intelligence methods had a deficiency that infeasible 
solutions could reduce the search efficiency. Based on the analysis, an simulated annealing and immune 
algorithm of distribution network reconfiguration is proposed in this paper, the loop encoding method and 
some improvements are used to make the searching finish in the area of feasible solutions. Moreover, the 
selection operator based on simulated annealing is used to keep the diversity of population, and optimal 
solution is searched quickly.  
2. Mathematic Model of Distribution Network Reconfiguration  
In this paper, the loss minimum formulation is chosen to study the reconfiguration problem. The 
formulation, generally, can be mathematically expressed as follows: 
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Subject to: g(x)=0,  Si≤Si,max, Vi,min≤Vi≤Vi,max 
where Ploss is the power loss of system; Nb is total number of branches; ri is resistance of branch i; Pi, Qi 
represents active and reactive power of branch i respectively; Vi is voltage of the head node of branch i; g(x) 
represents topology constraints, which ensure radial structure of each candidate topology; Si,max is the 
maximal capacity of branch i; Vi,min ,Vi,max is  voltage boundary of branch i. 
3. Simulated Annealing Algorithm of Reconfiguration 
3.1. Encoding  
In this paper, the decimal encoding method based on loops is adopted, and chromosome size is equal 
to the number of tie switches. Meanwhile, some simplified rules are also given: the switches that exist in 
none loops should be closed, otherwise a supply island could be formed; in loss-minimum reconfiguration 
problems, when the network structure is appropriate, the switches that link to power supply point should 
exist in the closed status. After the simplifying, the gene of chromosome is diversified in the switch units 
of the corresponding loop, thus the proportion of feasible solution is increased greatly. 
3.2. Disposal of solution 
According to the size of population, the individuals can be created randomly through the encoding 
method easily. However, in the complicated distribution network, lots of infeasible solutions could exist 
while public switches present between loops. In [10], the problem of infeasible solutions was discussed in 
detail, but the identification method proposed was miscellaneous. An improved disposing method of 
solutions is used here, its main idea is storing public switches in advance, and the matrix of public 
switches between loops can be expressed as follows: 
where S is an upper triangular matrix, 1 212 { , }k kS =K " , 12SK  shows the public switches between loop 1 an 
loop 2. 
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The elaborate disposing method of individual can be explained as follows: 
Start from the first gene of the chromosome individual, choose switch k1 which belongs to loop 1 and 
make it open. Then choose the switch ik ′  of loop 2, if both k1 and ik ′  are the public switches between 
loop 1 and loop 2, it means that the public switches are opened twice. And then the switch of gene 2 
should chosen in the range of switches expect the public switches between loop 1 and loop 2. The same 
strategy can be adopted on the other genes of the individual. Because of that the public switches are 
stored in matrix S, the discrimination of genes is convenient to create individuals, and therefore the 
searching efficiency is enhanced. 
Through the discrimination method, all the solutions will be feasible. Meanwhile, in the evolution of 
population, the method is useful while gene of individual changes. 
3.3. Fitness function  
The objective of the reconfiguration is power loss minimum in this paper. During the searching of 
optimal solution, the fitness of individual which has minimal power loss will be maximal, and the fitness 
function has the expression: 
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where Cmax is a given constant factor, Ploss shows the power loss of system, CP is the penalty content. The 
introducing of penalty can keep the optimal information and accord with the characteristic of evolution. 
3.4. Simulated annealing immune algorithm 
1) Mechanism of immune algorithm 
According to the theory of immune system, immune antibody will get some useful organic reactions 
while the antigen invades. In the engineering application, the objective function with constrains is seen as 
antigen, and the individuals in evolution are seen as antibody. The affinity degree between antibody and 
antigen shows the similarity of them. In this paper, fitness function of (2) is the affinity degree function in 
reconfiguration. Furthermore, an individual with a larger affinity degree has a better performance in 
evolution. 
2) Hyper-mutation of individuals 
In Practical application, the number of loops is very small while compared with the amount of 
switches. The coding length is short when loop based encoding method is used. Considering that, high 
frequency mutation method is used in this paper. In the population, find the individual i which has a 
middle fitness. Then compared with individual j, choose one gene of individual j and execute the 
mutation operation if the value of f(i) less than or equal to f(j), otherwise choose two genes and execute 
mutation operation. The variant individuals and forgoing population compose a new population which has 
a number of 2N.   
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The mutation method gets a rule that individual with larger affinity degree has a lower variation 
probability. By the contrary, individual with smaller affinity will have a higher variation probability.   
3) Selection based on simulated annealing  
The method of selection is an important process of population evolution all the time. The common 
method such as roulette selection, while just based on the fitness of individual, usually results in local 
optimum. In this paper, Boltzmann simulated annealing operator is used to select new solutions. Its 
advantage is that some inferior solutions can also be chosen to join into evolution, and diversity of 
population is remained preferably. 
The crucial points of simulated annealing method are initial temperature and annealing operation. 
According to reference [11], initial temperature can be confirmed by the relative performance between 
fitness function and original population. The expression of initial temperature can be showed as follows: 
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where fimin,fjmax represents the minimal and maximal fitness in initial population respectively. The initial 
temperature considers relative performance of population and bad infection of evolution is avoided 
promptly.  
Annealing temperature can be showed by (5):
1 , 0,0 1k k kt tα α+ = ≥ < <                                                       (5 ) 
where α  is a proportion factor, and a large α  means that temperature descends much slowly.  
After the determination of temperature, Boltzmann annealing operator in [13] can be used to calculate 
the select probability, which has the expression in (6).      
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where f  is the average fitness of the population, according to (6), the select probability of individuals 
relates the integral performance of the population. Then some bad solutions can be taken to next population 
and get evolution, so local optimum is avoided effectively.  
4) Vaccine and Inoculation  
The vaccine of immune algorithm is an estimation of optimal individual gene which obtained by the 
prior knowledge of evolution, reference [12] gives the advantages of vaccine algorithm. And the method 
of vaccine inoculation is amending of individual gene, thus get the objectives of keeping optimal 
information and improving the fitness of individuals.  
However, reference [10] points that the distribution network reconfiguration differs from other 
problems, such as Traveling Salesman Problem (TSP), its prior knowledge is difficult to acquire. In [10], 
the gene fragment of optimal individual groups is used to form vaccine. Its main idea can be explained as 
follows: analyze the optimal groups based on current and former populations, then extract the same gene 
and valuable information of the optimal individuals and consider it as the vaccine. It is easy to find a 
deficiency that the optimal information of evolution also exists in the different gene between the historic 
and present optimal individuals. 
In this paper, a refined vaccine extraction method is proposed. A matrix B is defined, its size is 2×l, 
while l is the size of individual. Matrix B is composed by historic and present optimal individuals, which 
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expressed by (7). 
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After the operation of simulated annealing, choose some individuals of the population, compare with 
inoculation probability Vp and the random number λ which created by random function. If λ>Vp, the 
inoculation operation is executed, otherwise, inoculation is avoided. 
The idea of inoculation is that choose a column j of B, then compared the gene j of Hj with Pj, if get a 
same thing, the inoculation is canceled, otherwise replace the gene in same order with gene j. After the 
inoculation, calculate the fitness of new individual. If the fitness descends, it indicates that inoculation is 
degenerate and should be canceled. Otherwise, inoculation is effective and the new individual gets the 
permission to next generation.  
5) Immune Supplement 
Along with the evolution, abound metabolisms exist in immune cells. On the foundation of alternation 
of cells, new individuals which created randomly are used to replace the individuals with bad 
performance. The amount of replacing is according to the size of population. Through the supplement, the 
diversity can be kept in evolution. 
4. Flow Process 
The flow process of proposed reconfiguration method is expressed as follows: 
1) Initialization. Analyze the loops of system through the data of switches and points, and set the 
number of loops L according to the amount of tie switches. Then create the public switches matrix S.  
2) Set the size of population N and evolution generation Ne.    
3) Generate the initial population C0, calculate initial temperature tk, k gets the value of zero, and 
evolution number gets value of 1. 
4) Create the optimal individual matrix B and initial vaccine. 
5) Do the hyper-mutation operation. 
6) Set the annealing temperature, tk+1=αtk, get a new population C′  through the selection method. 
7) Do the inoculation operation in population C′ , get population C′′ . 
8) Refresh the optimal individual matrix B. 
9) Check the stopping criterion. If the stopping criterion is satisfied then go to next step, otherwise, go 
to the step (5) and continue the procedure. 
10) Finish the evolution and output the reconfiguration results. 
5. Test Results 
The proposed algorithm has been tested on IEEE 69 bus system given in Fig.1 The system contains 69 
nodes, 74 branches and 5 tie branches of them. The rated voltage is 12.66 kV and total load is 
3820kW+j2694kvar.  
The numeric value shows the load points, while real lines and dashed lines represent sectionalizing and 
tie switches respectively. System data and parameters are taken from [4]. The size of chromosome is 5 
based on the encoding method of previous segments in this paper, and some parameters are chosen as 
follows: size of population equals 50, the minimum iterated generation N gets the value of 10, maximum 
generations is given the number of  80. α and the number of vaccine supplement is assigned a value of 0.9, 
10 respectively. 
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Fig. 1.IEEE 69-bus system. 
The program is calculated in 50 times, and the optimal reconfiguration is obtained every time. Table 1 
shows the result pre and after reconfiguration. 
Before the reconfiguration, the tie branches are 11-66,15-69, 39-48, 27-54, 13-20, and with the reason 
that both active and reactive power of node 45, 46, 47 are zero, there are other two groups of tie switches 
in the results: 11-66, 13-20, 12-13, 50-51, 46-47, and 11-66, 13-20, 12-13, 50-51, 47-48, respectively. 
Table 1. Reconfiguration result of 69-bus system 
Pre. Result in [4] Results of Proposed method 
 
Tie switches set 
11-66 
13-20 
15-69 
27-54 
39-48 
11-66 
13-20 
12-13 
50-51 
44-45 
11-66 
13-20 
12-13 
50-51 
44-45 
Losses(kW) 225.002 99.620 99.620 
Lowest voltage 0.9092 0.9428 0.9428 
Convergence speed  slow quick 
Run the program based on proposed algorithm 50 times continuously, and the minimal and maximal 
iteration times is 3, 36 respectively. And table 2 shows the frequency of searching result. In 50 times, the 
degree of get the optimal result in 3 to 10 generations is 9, in 21 to 30 generations is 21, in 31 to 40 
generations is 13, and in 31 to 40 generations is 7. By the contrast, in [4], the minimal iteration time is 
300, and convergence speed is much slower. 
Table 2. Results of searching 50 times 
Generations [3-10] [11-20] [21-30] [31-40] 
Degrees 9 21 13 7 
Moreover, compared with [6] and [10], one of the advantages of the SAI algorithm is that the 
evolution is finished in feasible solutions, and the discrimination and disposing of infeasible solutions is 
avoided. 
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6. Conclusions 
1) An upper triangular matrix of public switches between loops is created and all the solutions turn to 
be feasible, the evolution efficiency is improved. 
2) Hyper-mutation and immune supplement ensure the diversity and avoid the local optimal. 
3) The selection operator based on simulated annealing gives a join probability in evolution of   bad 
solution. 
4) Vaccine extraction and inoculation keep the excellence information, both the performance of 
solution and convergence are improved. 
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